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a  b  s  t  r  a  c  t
MicroRNAs  (miRNAs)  have  recently  entered  Chinese  hamster  ovary  (CHO)  cell  culture  technology,  due
to their  severe  impact  on the regulation  of cellular  phenotypes.  Applications  of  miRNAs  that  are  envi-
sioned  range  from  biomarkers  of  favorable  phenotypes  to cell  engineering  targets.  These  applications,
however,  require  a profound  knowledge  of  miRNA  sequences  and  their  genomic  organization,  which
exceeds  the  currently  available  information  of  ∼400 conserved  mature  CHO  miRNA  sequences.  Based
on  these  recently  published  sequences  and  two  independent  CHO-K1  genome  assemblies,  this  publica-
tion  describes  the  computational  identiﬁcation  of  CHO  miRNA  genomic  loci.  Using  BLAST  alignment,  415
previously  reported  CHO  miRNAs  were  mapped  to the reference  genomes,  and  subsequently  assigned
to  a distinct  genomic  miRNA  locus.  Sequences  of  the respective  precursor-miRNAs  were  extracted  from
both  reference  genomes,  folded  in  silico  to verify  correct  structures  and  cross-compared.  In the  end, 212
genomic  loci  and  pre-miRNA  sequences  representing  319  expressed  mature  miRNAs  (approximately  50%
′ ′of miRNAs  represented  matching  pairs  of  5 and  3 miRNAs)  were  submitted  to the  miRBase  miRNA  reposi-
tory.  As a proof-of-principle  for the  usability  of  the  published  genomic  loci,  four  likely  polycistronic  miRNA
cluster were  chosen  for PCR  ampliﬁcation  using  CHO-K1  and  DHFR  (-) genomic  DNA.  Overall,  these  data
on the  genomic  context  of  miRNA  expression  in  CHO  will  simplify  the  development  of tools  employing
stable  overexpression  or deletion  of  miRNAs,  allow  the  identiﬁcation  of miRNA  promoters  and  improve
detection  methods  such  as  microarrays.Chinese hamster ovary (CHO) cells are currently the ﬁrst choice
ammalian cell line for the production of complex therapeutic pro-
eins requiring proper folding and post-translational modiﬁcations,
reating an annual revenue exceeding 100 billion USD (Mudhar,
006). With the publication of a CHO-K1 draft genome (Xu et al.,
011), as well as thorough analysis of the CHO mRNA transcriptome
Becker et al., 2011), the basis for genomic characterization of CHO
ells has been set and will allow the development of novel tools to
ationally design CHO cells as bioindustrial work horses.Therefore, microRNAs (miRNAs) have been discussed as promis-
ng tools for CHO cell characterization as well as engineering
Barron et al., 2011). This family of small non-coding RNAs, which
y now encompasses more than 1000 sequences for mouse and
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human (Grifﬁths-Jones, 2010), acts by negative regulation of gene
expression due to post-transcriptional repression of mRNA trans-
lation (Hüttenhofer and Schattner, 2006). The ∼22 nt long mature
miRNAs that catalyze this repression are the result of enzymatic
processing of a primary RNA-Polymerase II miRNA transcript: in
the nucleus, RNase III Drosha together with Dgcr8 cleave a ∼70 nt
long single-stranded RNA referred to as precursor miRNA (pre-miR)
or miRNA hairpin/stem-loop due to its characteristic secondary
structure (Gregory et al., 2004). Pre-miRNAs are exported into the
cytoplasm where cleavage of the loop by the RNase Dicer gen-
erates a duplex of two  ∼22 nt long mature miRNAs (Takeshita
et al., 2007). The partial sequence complementarity underlying the
miRNA:mRNA interaction, allows single miRNAs to bind up to 100
distinct mRNAs (Selbach et al., 2008), thus potentially orchestrating
the expression of whole gene networks similar to transcription fac-
Open access under CC BY-NC-ND license.tors. This range in target regulation achieved by individual miRNAs
is mirrored in their biological relevance, which includes control
of cellular proliferation and energy metabolism as well as stress
resistance and cell death (Müller et al., 2008).
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Fig. 1. Strategy for identiﬁcation of CHO pre-miR sequences from genomic references. (a) Schematic outline of identiﬁcation strategy. (b) Flow chart illustrating the sequence
identiﬁcation strategy in detail: all currently published CHO mature miRNA sequences were BLAST-aligned to two independent CHO-K1 genomic reference sequence
assemblies (K1-P and K1-BB). BLAST results were ﬁltered for alignments with zero mismatches (100% identity) and alignment lengths equal to the mature miRNA length
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incompletely assembled 2.9 Gbp K1-BB genome to the almost com-
pletely assembled 2.45 Gbp K1-P genome from 28% to 16% of the
aligned miRNAs (Fig. 2b). Nevertheless, 15 miRNAs exhibited more
Table 1
Genome references for identiﬁcation of CHO pre-miR sequences.
K1-P K1-BB
Genome size (Gbp) 2.40 2.98100%  length). Additionally, miRNAs mapping to genomic repeat regions were remov
ndependently from both genomic references and cross-checked.
Two studies have so far addressed the identiﬁcation and anno-
ation of CHO miRNAs, and independently reported the expression
f 350 (Johnson et al., 2011) and 365 (Hackl et al., 2011) mature
iRNAs, but have not identiﬁed the respective genomic loci or pre-
iRNA sequences. This information is, however, necessary for (i)
imicking endogenous miRNA expression, since pre-miRNA sec-
ndary structures can be target to regulation of miRNA stability
Michlewski et al., 2008), for (ii) understanding transcriptional reg-
lation of speciﬁc miRNAs, as well as for (iii) phylogenetic analyses.
Based on the alignment of a combined set of previously
eported mature miRNA sequences against two independent
HO-K1 genome reference sequences, we here report the iden-
iﬁcation of miRNA gene loci and extraction of the respective
re-miRNA sequences from both genomic references, followed by
ross-comparison of the derived sequences (Fig. 1). In detail, the
mployed strategy used two public datasets containing sequences
f mature CHO miRNAs with expression levels detectable by next-
eneration sequencing (Johnson et al., 2011; Hackl et al., 2011).
oth datasets were downloaded, reduced by redundant isomiR
equences as well as recently reported non-coding RNAs in miR-
ase version 18.0 (Grifﬁths-Jones, 2010), and then merged into
ne dataset containing 415 miRNAs of which 22 were putative
ovel miRNA sequences. These sequences were further used as
query” (given in Supplementary Data 1) for BLAST alignment
gainst two distinct CHO genome references using blastn with
ucleotide mismatch penalty −2, and nucleotide match reward
1. The ﬁrst reference consisted of the recently published CHO-
1 sequence (Xu et al., 2011) hereafter referred to as “K1-P” (for
public”) and the second reference being a low coverage, so far
npublished CHO-K1 genome assembly by Bielefeld University and
OKU University referred to as “K1-BB” (Table 1). In brief, the K1-
B genome (ATCC CCL-61) was sequenced on an Illumina Genome
nalyser IIx in a 2 × 125 bp sequencing run on six lanes accordingm the remaining genomic loci, the respective pre-miRNA sequences were extracted
to  the manufacturer’s manuals. Sequencing resulted in 411 million
reads and 51 Gbp which leads to an estimated genome coverage
of 17-fold considering a genome size of 3 Gbp. Assembly of the
sequence data was performed with velvet 1.0.4 resulting in 11.4
million contigs that can be downloaded at ftp://ftp.cebitec.uni-
bielefeld.de/pub/supplements/2011/Hackl JBiotech/.
Following ﬁltering of BLAST alignments (Fig. 1), a total of 365
out of 415 distinct mature miRNAs could be mapped to either
genomic reference. In detail, 353 distinct mature miRNAs gave a
perfect BLAST hit against the K1-P reference, while 330 miRNAs
could be aligned to the K1-BB reference with an overlap of 318 miR-
NAs, shown as Venn diagram in Fig. 2a (Hulsen et al., 2008). While
the majority of miRNAs exhibited a single exact match in the refer-
ence genome, some miRNAs exhibited two  or more exact matches
(Fig. 2b). This might have biological reasons, since duplications of
miRNA genes are known to result in 100% identical paralogous
sequences present in other parts of the genome (Gardner et al.,
2009). Alternatively, the observed multiple hits could be a con-
sequence of incomplete assembly of the genomic references. This
would explain the reduction in multiple perfect matches from theContigs 109,151 11,400,490
Average contig length 21,986 261
Median contig length 503 124.5
x  Coverage 95 17.1
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Fig. 2. BLAST alignment of mature miRNAs to two different genomic reference sequences. (a) Size-adjusted Venn diagram indicating that 318 mature miRNAs were aligned
to  both reference genomes, while 35 and 12 mature miRNAs could only be aligned to K1-P or K1-BB,  respectively. (b) The cumulative fraction of BLAST-aligned miRNAs is
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llotted  against the number of perfect genomic matches identiﬁed; for each miRNA
he  K1-P (black) or K1-BB (gray) genomic reference sequence.
han 10 and up to 250 perfect matches (Supplementary Table 1),
hich indicates that these are repeat derived small RNAs rather
han canonical miRNAs. Hence, these miRNAs were removed from
he BLAST results and not considered for further analysis as well as
ubmission to miRBase.
In the next step, the genomic locations of BLAST aligned mature
iRNAs were analyzed in detail to identify the respective pre-
iRNA sequences (Fig. 3a): genomic locations where two  miRNAs
ould be aligned in close proximity indicate miRNA genes from
hich two mature miRNAs – corresponding to the 5′ and 3′ miRNA –
re produced. Other genomic loci were mapped by only one miRNA,
uggesting the expression of just one active mature miRNA, which
s either derived from the 5′ or 3′ arm of the hairpin. Approximately
0% of the genomic loci were identiﬁed by alignment of both 5′ and
ig. 3. Characterization of CHO pre-miRNA sequences. (a) Scheme representing the stra
ne  or two mature miRNAs: (i) a buffer of 10 bases up- and downstream the mature miR
ositions aligned by a single miRNA a total pre-miRNA of 100 bases was  extracted, start
istribution of CHO miRNA loci identiﬁed by alignment of either 5′ or 3′ mature miRNAs 
n  each CHO-K1 genomic reference sequence. (c) For pre-miRNA genomic loci mapped a
s  the distance between the start of the 5′ miRNA alignment and the end of the 3′ miRN
ength,  showing that for most pre-miRs length ranged between 50 and 70 bases.and 28% of miRNAs could be perfectly aligned to two or more genomic locations in
3′ mature miRNAs (Fig. 3b). For these genomic loci the pre-miRNA
sequence lengths was estimated as the length from the 5′ miRNA
start to the 3′ miRNA end. The resulting sequence lengths were plot-
ted against the cumulative fraction of the number of pre-miRNAs,
showing that the majority (>95%) of hairpins exhibited a length
between 50 and 70 bases (Fig. 3c).
Since it has been shown that Drosha cleavage is dependent on
the hairpin loop rather than consensus sequences in the ﬂanking
regions, the precise start and stop sites of a pre-miRNA are difﬁcult
to determine (Zeng et al., 2005). Therefore, an arbitrary distance of
′ ′10 bases upstream the 5 miRNA and 10 bases downstream the 3
miRNA was included as “buffer” during sequence extraction from
the genomic references (Fig. 3a). Based on the observation that
most pre-miRNA sequences ranged between 50 and 70 bases, an
tegy for pre-miRNA sequence extraction from a genomic locus mapped by either
NAs was  taken in case both hairpin-arms were mapped. (ii) and (iii) For genomic
ing 10 bases upstream a 5′ miRNA match or 10 bases downstream a 3′ match. (b)
or both is shown. Venn overlap of miRNA genomic loci as identiﬁed independently
t both the 5′ and 3′ miRNA hairpin-arm, length of the pre-miRNA was calculated
A alignment. Cumulative fraction of pre-miRNAs is plotted against the pre-miRNA
1 iotechnology 158 (2012) 151– 155
a
w
a
u
t
m
m
C
w
Z
o
o
h
w
t
D
m
i
K
e
p
m
i
ﬂ
5
Table 2
Number of aligned miRNAs, unique genomic loci and precursor-miRNA sequences.
K1-P K1-BB
miRNAs mapped to genome (100% ID, 100%
length)
353 330
miRNAs mapped to genomic repeat regions 14 15
miRNAs used for identiﬁcation of genomic
loci and pre-miRNAs
339 315
High conﬁdence genomic miRNA locia 206 196
pre-miRNA sequences submitted to
miRBaseb
206 6
F
d
s54 M. Hackl et al. / Journal of B
rbitrary sequence length of 100 bases was deﬁned for pre-miRNAs
ith only one expressed miRNA detected (i.e. only one hairpin-
rm mapped by a mature miRNA), including a buffer of 10 bases
pstream or downstream the miRNA start site (Fig. 3a). The impor-
ant information whether a single match represented a 5′ or 3′
iRNA was derived from orthologous pre-miRNAs (mainly human,
ouse or rat) in miRBase. In order to verify sequence correctness, all
HO pre-miRNA sequences were folded in silico using the DINAMelt
ebserver that is based on the mfold++ software (Markham and
uker, 2005). Manual curation of all folding resulted in the removal
f 7 putative novel CHO pre-miRs that did not resemble structures
f canonical miRNAs with a complementary stemloop and 3′ over-
angs, while all of the conserved CHO pre-miRs (209 sequences) as
ell as three novel pre-miRs passed manual curation. The respec-
ive 212 RNA secondary structures are provided as Supplementary
ata 2. Table 3 exemplarily gives the pre-miRNA sequences of all 6
iRNAs belonging to the miR-17-92 cluster, which were identiﬁed
n close proximity on one genomic scaffold.
Comparison of pre-miRNA sequences derived from two  CHO-
1 genomic references (K1-P and K1-BB)  gave four sequences with
ither one or two mismatches, of which only mir-486 harbored a
otential single-nucleotide polymorphism (SNP) within a mature
iRNA (Supplementary Table 2). In the other cases, SNPs were
dentiﬁed in the hairpin-loop (mir-324 and mir-486) or regions
anking mature miRNAs to the 5′ (mir-1956) or 3′ end (mir-
42). Conservation of CHO pre-miRNA sequences was estimated
ig. 4. Sequence characterization of CHO pre-miRNAs. (a) Conservation CHO (cgr) mir-17-
eletions. (b) PCR ampliﬁcation of miRNA clusters: PCR ampliﬁcation of miRNA clusters u
peciﬁc ampliﬁcation for miR-24-23a (1/6), miR-17-92a, miR-221-222 and miR-24-23b. La After removal of loci that give rise to incorrectly folded pre-miRs.
b In total 212 pre-miRNA sequences submitted to miRBase.
for mir-17-92 by calculating ClustalW alignments (Thompson
et al., 1994) to the respective sequences from Mus  musculus; the
results indicate high conservation for mir-18a and mir-19b, while
several mismatches were found between mouse and CHO hairpin-
loops of mir-17, mir-20a, and mir-92a, respectively (Fig. 4a).
Supplementary Data 3 gives the sequences of all 212 miRNA hair-
pins, as they were extracted from the K1-P and K1-BB genomic
reference as well as the respective genomic location. To show that
the here provided information can easily be applied to amplify and
clone CHO miRNAs, four distinct clusters of miRNAs were chosen
for PCR ampliﬁcation using primers designed based on the K1-P
genomic reference (Supplementary Table 2). Genomic DNA isolated
92 pre-miRNAs in respect to Mus musculus (mmu); *, sequence matches; - sequence
sing genomic DNA from CHO-K1 and CHO dhfr (-) cells. Lanes 1–4 and 6–9 showing
anes 5 and 10 no template control PCR.
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Table 3
miR-17-92 pre-miRNA sequences.
>cgr-mir-17 scaffold gi|344163086|gb|JH001979.1| REV
AGGATAATGTcaaagtgcttacagtgcaggtagTGATATGCACATCTactgcagtgcaggcacttgtggCATTATGGT
>cgr-mir-18a scaffold gi|344163086|gb|JH001979.1| REV
CTTTTTGTTCtaaggtgcatctagtgcagatagTGAAGTAGACTAGCATCTactgccctaagtgctccttctggCATAAGAAG
>cgr-mir-19a scaffold gi|344163086|gb|JH001979.1| REV
GCAGCCCTCTGTTAGTTTTGCATACTTGCACTACAAGAAGAATGCAGTtgtgcaaatctatgcaaaactgaTGGTGGCCT
>cgr-mir-19b scaffold gi|344163086|gb|JH001979.1| REV
GTCTATGGTTagttttgcaggtttgcatccagcTGTATAATACTCTGCtgtgcaaatccatgcaaaactgaCTGTGGTGG
>cgr-mir-20a scaffold gi|344163086|gb|JH001979.1| REV
TCTGTGGCACtaaagtgcttatagtgcaggtagTGTCCACTCATCTACTGCATTACGAGCACTTCCAGTGCTGCCAGCTGGAGAGCCCCAGCCTCGCTCG
>cgr-mir-92a scaffold gi|344163086|gb|JH001979.1| REV
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2011. The genomic sequence of the Chinese hamster ovary (CHO)-K1 cell line.
Nat. Biotechnol. 29, 735–741.
Zeng, Y., Yi, R., Cullen, B.R., 2005. Recognition and cleavage of primary
microRNA precursors by the nuclear processing enzyme Drosha. EMBO J. 24,
138–148.CTTTCTACACaggctgggatttgttgcaatgctGTGTTTCTCGATGGtattgcacttgtcccggcctgtTGA
ower case letters indicate mature miRNAs; upper case letters indicate 5′ and 3′ ﬂa
rom adherent CHO-K1 and DHFR (-) cell lines cultivated at 37 ◦C at
% atmospheric CO2, served as template for the PCR reaction that
ave speciﬁc bands at the expected size (Fig. 4b).
Overall, these data demonstrate a successful identiﬁcation of
he genomic location of 365 out of 415 (88%) expressed mature
iRNA sequences. After exclusion of 15 miRNAs due to multiple
lignments to genomic repeat regions, 350 miRNAs remained for
nnotation of genomic loci based on miRNA alignment patterns.
fter manual veriﬁcation of miRNA-like RNA secondary structures,
 total of 212 miRNA loci as well as the respective pre-miRNA
equences were identiﬁed with high conﬁdence (Table 2), cross-
hecked to conﬁrm correctness of sequences, and provided as
upplementary Data to this publication. In addition all sequences
ere submitted to the miRBase database (Grifﬁths-Jones, 2010) for
ssignment of miRBase accession numbers (Supplementary Data
).
This data can now be used to establish CHO speciﬁc tools for
iRNA overexpression as engineering strategy using endogenous
re-miRNA sequences, which do show differences in nucleotide
equence compared to mouse homologs (Fig. 4b). In addition, the
evelopment of knockout strategies to speciﬁcally reduce miRNA
xpression will beneﬁt from these data, and ﬁnally, knowledge of
he genomic loci also allows ampliﬁcation and cloning of poly-
istronic miRNA clusters that are likely to have a stronger inﬂuence
n CHO cell phenotypes upon overexpression compared to single
iRNAs.
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